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Introduction
Systems that move suspended within a fluid, such as airplanes, wind turbines, drones and helicopters, all benefit from increased lift-to-drag ratios which results in lower energy consumption [1] . Motivated by this need, two main strategies have been proposed to maximize the lift and minimize the drag. On one hand, several active flow control methods, which involve the addition of auxiliary power into the system, have been demonstrated for both drag reduction and lift augmentation [2] [3] [4] [5] [6] . On the other hand, it has also been shown that passive flow control strategies based on geometric modifications are capable of altering lift and drag [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . These include vortex generators [7] [8] [9] [10] [11] [12] [13] , Gurney flaps [13 -15] and winglets [16, 17] , which reduce drag and increase lift by passively altering the flow to favourably affect the pressure gradients along the aerofoil. Although active methods typically yield better results than the passive ones, they require the supply of external energy, and in fully automated systems rely on complex sensor technology and algorithm development. By contrast, passive techniques are easy to implement and free from any kind of external energy requirements.
Nature, through the course of evolution, has arrived at structures and materials whose traits often offer inspiration for the design of synthetic systems with unique properties [18] [19] [20] . Specifically, biological systems have evolved a wide range of drag reducing mechanisms that have inspired the design of synthetic surfaces [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Shark skin is one such example and is covered with rigid bony denticles (or scales) that exhibit a plate-like upper section with ridges, which narrows to a thin neck that anchors into the skin (figure 1a,b). These intricate structures have inspired the development of several drag reducing surfaces [25] , ranging from highly simplified ridge-like geometries [26, 27] to complex three-dimensional (3D) printed models that replicate the structural complexities of individual denticles [21] [22] [23] . These denticle-inspired surfaces have resulted in a drag reduction of 10% compared to corresponding smooth control surfaces [21] [22] [23] [24] [25] .
Here, we focus on aerofoils and study experimentally how 3D models of shark denticles arranged on their suction side can passively alter fluid flow. While previous studies have mostly only focused on the effect of shark denticles on drag reduction [21] [22] [23] [24] [25] [26] [27] ], here we demonstrate that the denticles can simultaneously enhance lift and reduce drag, resulting in large lift-to-drag ratios. We study the mechanisms leading to this behaviour and find that shark denticles generate both a recirculation zone (in the form of a short separation bubble in the wake of the denticle) that alters the pressure distribution of the aerofoil to enhance suction, as well as streamwise vortices that reduce drag by replenishing momentum to the flow which would otherwise be lost to skin friction. Guided by these observations, we developed a continuous streamlined geometric perturbation that uses these two mechanisms in a way that further enhances the lift-to-drag ratio.
Methods

Design of aerofoils with shark denticles
In this study, we focused on a smooth aerofoil, arrayed representative models of shark denticles on its suction side (upper surface), and investigated their effect on the aerodynamic performance of the system (figure 1). More specifically, we considered a symmetric NACA0012 aerofoil with aspect ratio W/L ¼ 2.8 (L ¼ 68 mm being the chord length and W denoting the span length-see electronic supplementary material, section S1 for more details). We arranged on its suction side 3D representative models of a shark denticle based on micro-computed tomography (micro-CT) scans of denticles from Isurus oxyrinchus [23] . In figure 2 , we show different views of the representative denticle model and indicate the key geometric parameters that define its shape: the chordwise length of the middle ridge (l c ), the chordwise length of the side ridges (l r ), the spanwise length between the outside ridges (l s ), the height of the middle ridge (h 1 ), the height of the side ridges (h 2 ) and the tilt angle (u). In order to explore the parameter space as much as physically possible and to converge on a best design, we created 20 aerofoils characterized by different arrangements (including either single or multiple rows of denticles), sizes and tilt angles of these denticles (see electronic supplementary material, section S1 for more details). Based on measurements of the shark denticles, in our study, we kept l c /l s ¼ 1.37, l c /l r ¼ 1. from a transparent photopolymer (RGD81-Stratasys Ltd, Eden Prairie, MN, USA) using an Objet Connex500 3D printer (see figure 3 for images of all 3D printed foils). More details on the diversity of aerofoil designs tested can be found in electronic supplementary material, section S1.
Experimental testing
Given the relevant Reynolds number ranges for aerodynamic applications (less than 10 000 to greater than 1 000 000) and the dimensional limitations of the 3D printer used to fabricate our test models, these requirements necessitated the use of a water tank for measuring the performance metrics of our aerofoils. Each foil's performance was tested in steady state within a water flow tank (kinematic viscosity y ¼ 1 Â 10 26 m 2 s
21
) in the laminar regime with a flow speed of U ¼ 0.58 m s
, which corresponds to a chord Reynolds number of Re c ¼ UL/y % 4 Â 10 4 [21] [22] [23] . The foils were tested at angles of attack, a, from 08 to 248 (poststall and within the limits of the experimental set-up) in increments of Da ¼ 28. At each angle, the force experienced by the foils parallel to the flow, F D , and perpendicular to the flow, F L , were recorded.
From these measurements, the dimensionless coefficients of lift (C L ) and drag (C D ) were calculated as
where A ¼ W Â L ¼ 12 920 mm 2 is the aerofoil planform area (regardless of foil orientation) and r % 1000 kg m 23 is the density of water. As at the moderate Reynolds number considered in this study, the force measurements can be quite sensitive to the different parameters of the experiment [28] , at least six trials were conducted for each of the 20 foils and each presented data point is the average of many tests (with standard error reported). For some foils discussed in this main text, particle image velocimetry (PIV) was also conducted using this water tank. In order to perform the PIV measurements, 10 g of neutrally buoyant, silver-covered glass particles were added to the water tank, and a 10 W continuous-wave argon-ion laser (Innova 300, Coherent Laser Group, CA, USA) was focused at the mid-point of the foil. With this 1-2 mm thick laser sheet shining on the centre of the foil, high-speed videos at 2000 Hz and at a resolution of 1024 pixels by 1024 pixels were taken using a Photron mini-UX100 high-speed video camera. The Image of all 20 shark denticle foils tested. The two holes on the upper right of each foil were used to attach the foil to the testing apparatus. A number of different denticle sizes, rows and row positions were tested (see electronic supplementary material, section S1 for more details).
rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170828 videos were then finally post-processed using LaVision's DaVis software (v. 7.3.1) to obtain the streamlines. See the electronic supplementary material, section S2, for more details on the experimental methods.
Results and discussion
As previously shown in many studies focused on vortex generators [8, 11, 12, 29] , we find that both the geometry of the denticles and their arrangement have a profound effect on the aerodynamic response of the aerofoils (electronic supplementary material, figures S9 -S26). While most foils behaved roughly similar to the denticle-free control, a few of them exhibited significantly enhanced performance (see the electronic supplementary material, section S3, for details).
In figure 4 , we report results of the experiments for the best performing foil, which comprises a single row of denticles (each of which covers a footprint of roughly 2 mm by 2 mm and has a middle-ridge height of 0.7 mm) placed at 26% along the chord and with a spanwise separation of 1 mm (figure 1c). Note that the 26% chordwise placement is consistent with previous work on NACA0012 aerofoils, which has shown that the minimum pressure happens right after this location, making the flow susceptible to separation [29] .
The results shown in figure 4 for the best shark denticle foil exhibit three key features. First, we observe an increase in lift at almost all angles of attack for the foil with shark denticles compared to the corresponding smooth control (i. figure 4a ). We even find that positive lift is generated at zero angle of attack for the shark denticle foil (C shark L ¼ 0:04 at a ¼ 08), whereas, as expected, we see no lift being generated by the smooth, symmetric control foil for a ¼ 08. Second, the aerofoil with shark denticles reduces drag compared to the smooth control at almost all angles of attack smaller than the angle at which stall occurs (C figure 4b ) with drag reduction comparable to previously designed synthetic shark skin surfaces [21] [22] [23] [24] [25] . Third, as shown in figure 4c, because of the two combined effects described above, we observe substantial enhancements [8, 11, 12] . However, the shark denticle morphology outperforms the more traditional designs at low angles of attack (a , 48) (see the electronic supplementary material, section S5, for more details), a condition that is often experienced in use by many systems, including drones, turbines, automobiles and airplanes.
The experimental results shown in figure 4 indicate that there are two driving forces behind the improved lift-to-drag ratio found for the best denticle-containing foil: (i) the enhanced lift, and (ii) the drag reduction at angles of attack prior to stall (i.e. 28 , a , 128). By looking at the response of all 20 foils tested (see the electronic supplementary material, figures S9-S26), we find that all of them except two (foils 8 and 20) display lift enhancement at low angles of attack (with aerofoils 11, 14 and 16 showing only very small improvements). These results suggest that such benefit is rather robust, only marginally affected by the location, size and quantity of the geometric perturbations added to the aerofoils. By contrast, we find that the lift improvements at high angles of attack prior to stall, as well as the drag reduction, are sensitive to the location, size and quantity of the denticles (see the electronic supplementary material, section S3, for more details).
To further understand the effect of the denticles on the aerodynamic performance of the aerofoils, first we focused on the robust lift enhancement at low angles of attack. Guided by a previous numerical study that demonstrated that a simple 2D bump arranged on a flat plane can generate a negative pressure coefficient [30] , we constructed a foil in which the row of denticles was replaced with a simple 2D bump profile (with non-zero curvature only in the chordwise direction). This bump was arranged in the same chordwise location and had height and leading edge curvature that match those of the shark denticles (see figure 5 for details on the morphology of this aerofoil as well as the electronic supplementary material, section S1). Furthermore, the bump had a streamlined design on its downstream side to reduce its generated pressure drag.
The experimental lift, drag and lift-to-drag ratio for this 2D bump profile on a foil are presented in figure 6 . These results confirm that the complex shape of the shark denticles arranged on the foil is not necessarily crucial to achieve lift enhancement at low angles of attack, and suggests that a continuous chordwise curved profile can further enhance C L . However, the results reported in figure 6a also demonstrate that the foil with the simple 2D bump profile loses its lift benefits relative to the control at higher angles of attack unlike the shark denticle foil (C 2Dbumb L =C control L ¼ 0:88, 0.95, 0.91 at a ¼ 108, 128, 148, respectively). At these angles right before and at stall, it is actually producing less lift than the control. Moreover, we also note that the 2D bump profile does not alter the drag greatly compared to the smooth control (except at a ¼ 108 and 128-see figure 6b ). Because of the last two effects, and when compared with the best denticle-containing foil, we find that the 2D bump profile exhibits a significantly lower lift-to-drag ratio across nearly all measured angles of attack (figure 6c).
The reason behind the lift benefit at low angles of attack seen by both the shark denticle and 2D bump profile in comparison to the control can be further understood by inspecting the flow streamlines obtained via PIV (see the electronic supplementary material, section S2, for more information on the PIV set-up). The streamlines at a ¼ 08 and 48 shown in figure 7 reveal that, in the presence of Figure 7 . Flow streamlines obtained via particle image velocimetry (PIV). PIV streamlines for the (a) smooth, (b) 2D bump profile and (c) shark denticle foils are shown at a ¼ 08 and 48, angles at which lift is being significantly enhanced by the 2D bump profile and shark denticle foils. A short separation bubble develops behind both the shark denticle and 2D bump foils, helping to provide further suction and therefore lift for these foils compared to the control. rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170828 both the shark denticles and the 2D bump profile, a short separation bubble forms behind their trailing edge. While typically separation bubbles are thought to negatively affect the performance of an aerofoil [8, 10] , it has also been shown that short separation bubbles (that fully reattach to the aerofoil) can help to maintain a higher level of suction a bit further down the chord of the aerofoil, providing a region over which the pressure distribution along the chord plateaus rather than dropping off further [31] . As such, the short separation bubbles observed in our experiments likely provide additional suction that helps enhance lift.
Having understood how the 2D bump profile and the shark denticles influence lift at low angles of attack, we then turned our attention to lift enhancement at higher angles of attack and drag reduction. The lack of drag reduction seen throughout the majority of angles of attack and loss of lift enhancement at a . 48 for the 2D bump foil suggests strongly that the spanwise curvature of the denticles may play an important role. More specifically, guided by previous studies that showed that geometric perturbations capable of producing streamwise vortices could reduce drag (and prevent losses of lift at higher angles of attack near stall) [8,10 -12] , we hypothesized that the spanwise curvature of the shark denticles results in the formation of streamwise vortices. In order to confirm this hypothesis, and since the visualization of such vortices via PIV proved challenging due to both the small-scale spatial resolution required and the orientation of the denticles' grooves, we performed computational fluid dynamics (CFD) analyses. The simulations were carried out with ANSYS w CFX, using a combination of a finite-volume and finite-element approach to discretize the Navier-Stokes equations, which were solved by an unsteady fully implicit, fully coupled multigrid solver with the shear stress transport turbulence model (see CFD analysis in the electronic supplementary material, Section S6, for more details) [32] . The numerical results reported in figure 8 for an individual shark denticle on a flat plate not only confirm that the shark denticle morphology creates a short separation bubble in its wake (figure 8a) as shown previously via PIV, but also confirm that the shark denticle acts as a vortex generator, as shown clearly by the streamwise vortices forming in the wake of the denticle (figure 8b).
These streamwise vortices are likely responsible for drag reduction and also likely help to maintain lift at higher angles of attack by bringing higher momentum fluid from the outer part of the boundary closer to the wall and thus help replenish the momentum in the boundary layer which would have been lost to skin friction. It is further known that the interaction among these vortices is crucial in determining their aerodynamic advantages [33, 34] . For instance, placing the vortex generators too close to each other in the spanwise direction can lead to destructive interference of the streamwise vortices, which ultimately reduces the performance of the aerofoil [33, 34] . This observation helps explain the high sensitivity of the drag coefficient to the morphology and placement of the denticles that we found in our experiments.
Guided by all these results, we then tried to improve the aerodynamic performance of the aerofoil by designing a geometric perturbation that takes advantage of the multiple mechanisms that were seen to be beneficial in the foils with the shark denticles and the 2D bump. More specifically, we designed a geometric perturbation that combines the ridges of the shark denticle with the continuous chordwise curved profile of the 2D bump to achieve the lift-to-drag ratio benefits of the shark denticle, while yet also improving the lift further at very low angles of attack (especially a ¼ 08) in the way seen by the 2D bump profile. While this new morphology's chordwise cross-section is designed similarly to that of the 2D bump, its spanwise curvature and morphology resembles that of the denticle except for the fact that it has a continuous sinusoidal-like nature as opposed to the finite nature of the shark denticles placed side-by-side on an aerofoil (see figure 9 for details on the morphology of this profile as well as the electronic supplementary material, section S1). We refer to this new continuous streamlined morphology as the 'continuous shark-inspired profile'.
In figure 10 , we report the experimental results for the aerodynamic response of an aerofoil with this continuous shark-inspired profile placed at 26% along the chord. First, focusing on lift at low angles of attack, we find that this aerofoil generates roughly the same amount of lift as the one with the 2D bump profile, and over twice that of the one with shark denticles at a ¼ 08 (C L =C shark L ¼ 1:04, 1.03 at a ¼ 28 and 48, respectively). Second, our results indicate that this continuous sharkinspired profile does not lose these lift benefits as much at higher angles of attack prior to stall. Third, we find that the continuous shark-inspired profile leads to even more drag reduction than the shark denticles ( figure 10b ). This is Specifically, we see from figure 11 (which shows a comparison of the lift-to-drag ratio improvements of all three main foils discussed in this manuscript) that the continuous shark-inspired profile outperforms the 2D bump profile at all angles of attack and the shark denticle at just about all angles of attack (see the electronic supplementary material, section S4, for more details). This is because the continuous shark-inspired profile is able to produce the same lift benefits as the 2D bump at low angles of attack (especially a ¼ 08) without losing these lift benefits as much at higher angles of attack (like the 2D bump does), in addition to greatly reducing drag at higher angles (like the shark denticle is able to). Note that in figure 11 we also indicate with a filled in marker the angle at which the maximum lift-to-drag ratio occurs for each foil. Again, we find that the continuous sharkinspired profile produces the greatest improvement at this angle.
In addition to these great lift-to-drag ratio improvements, this continuous shark-inspired profile has another important advantage over the other foils discussed here. Although there has been increased interest in recent years aimed at reproducing the hydrodynamic performance of shark denticles for use on engineered surfaces, one major obstacle to the mass production of these shark skin-inspired geometries has been the structural complexity of the denticles. While it has been demonstrated previously that it is possible to replicate these forms through the use of 3D printing [23] , this approach is unfortunately not scalable, and the undercuts and overhangs present on the native denticles prevent the direct moulding of these specific geometries using conventional manufacturing strategies. The continuous sharkinspired profile described here circumvents these problems and is easily amendable to roll-to-roll embossed fabrication, bringing this technology one step closer to large-scale adoption for aquatic and aerospace applications. Figure 10 . Experimental results for the aerofoil with a continuous sharkinspired profile. Evolution of (a) lift coefficient, (b) drag coefficient and (c) lift-to-drag ratio as a function of the angle of attack. In all plots, the results for the continuous shark-inspired profile (green lines) are compared to those for the corresponding smooth control (black lines). Each data point is based on nine total tests and standard error bars are included (note that most error bars are small enough to be contained within the data marker). 
Conclusion
In this study, we have taken inspiration from shark denticles to design a set of profiles that significantly improve the aerodynamics of aerofoils. In contrast to previous studies on shark skin that have mostly focused on drag reduction/ thrust improvement [21] [22] [23] [24] [25] [26] [27] , we showed that the denticles also generate lift, resulting in high lift-to-drag ratio improvements. Specifically, we found comparable results to those of the best previously reported low-profile vortex generators at higher angles of attack near stall, and even much higher improvements at low angles of attack (a , 48) [8, 11, 12] . The remarkable results shown here were achieved by using two mechanisms. First, the shark-inspired profiles trip the boundary layer and generate a short (reattaching) separation bubble that provides extra suction along the chord and thereby enhances lift. Second, the spanwise curvature of the denticles helps to generate streamwise vortices that can lead to drag reduction and prevent lift losses at higher angles of attack. While in this study we have considered the ideal case of the denticles' ridges perfectly parallel to the flow, future work will investigate how sensitive the aerodynamic response of the aerofoils is to the orientation of the denticles with respect to the flow.
It is important to note that the flow regime considered in this study (Re c % 4 Â 10 4 ) is relevant for many systems, including interior portions of wind turbine blades, helicopter blades, drones and autonomous underwater vehicles. Moreover, some of the mechanisms discovered here can hold also for higher flow regimes and can be used to improve movement through air and water. Finally, the results discussed here may have implications for understanding the function of shark denticle morphology. Shark skin denticles have been shown to alter the position and strength of the leading edge vortex in experimental studies [21] , and it is likely that the lift effects observed here contribute to a thrust enhancement effect of shark skin resulting in increased self-propelled swimming speeds [23] .
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